Heron Vrubel and Xile Hu* Sunlight-driven water splitting is one of the most attractive methods for solar energy conversion and storage. [1] To achieve efficient water splitting, active catalysts for the hydrogen evolution reaction (HER) are required.
[2] Although platinum and a few other precious metals are highly active HER catalysts, their high cost and low abundance are severe hurdles for large-scale applications. The limitations of precious HER catalysts prompts the search for and development of non-precious catalysts. [3] Molybdenum-based materials and molecules have drawn much attention recently. [4] [5] [6] [7] In particular, molybdenum sulfides have been shown to exhibit high HER activity. [4] [5] [6] There is experimental and computational evidence that the active sites in these catalysts are located at the Mo edge, where there are unsaturated sulfur atoms. [4] These sulfur atoms can adsorb hydrogen atoms and mediate hydrogen evolution.
Herein, we report that molybdenum boride (MoB) and carbide (Mo 2 C) are active HER catalysts. To our knowledge, this is the first time MoB has been shown to be a HER catalyst. Although Mo 2 C has been shown to be a good support for Pt in HER, [8] its own HER activity has not been studied in detail. [9] Our results are interesting in several aspects: 1) The catalysts are non-precious and commercially available. They are also active under both acidic and basic conditions, which are rare properties for HER catalysts. 2) As the structures of molybdenum boride and carbide are different from that of MoS 2 , the activity of these catalysts is not easily explained by the presence of unsaturated edge sites. The results presented here might invoke new theoretical and experimental investigations of molybdenum-containing HER catalysts.
3) The work might inspire the development of molecular catalysts containing unusual boride and carbide ligands. [10] MoB and Mo 2 C particles were purchased from commercial sources and their compositions were confirmed by inductively coupled plasma optical emission spectrometry (ICP-OES). XRD measurements showed that the MoB particles were mainly in the a-form (tetragonal), whereas the Mo 2 C particles were in the b-form (hexagonal; Supporting Information, Figure S1 ). According to SEM images, the particle size is in the range of 1-3 mm ( Figure S2 ). The MoB and Mo 2 C particles were deposited onto carbon-paste electrodes so that their HER activity could be measured by electrochemistry.
An activation process was observed for MoB at pH ca. 0, and for Mo 2 C at pH ca. 0 and 14. During this activation process, the activity of a freshly-prepared electrode gradually increased over the first several polarization measurements ( Figure S3 ). Normally the catalytic current became stable after five scans. No activation process was observed for MoB at pH ca. 14. Figure 1 shows the 10th (and thus stable) polarization curves of MoB and Mo 2 C-based electrodes at pH ca. 0 (1m H 2 SO 4 ) and pH ca. 14 (1m KOH).
MoB and Mo 2 C are active HER catalysts. The onsets of catalytic currents are observed at h^100 mV. The overpotentials for a current density of 20 mA cm À2 are between 210 and 240 mV. The activities of MoB and Mo 2 C are similar. At pH 0, their activity is also similar to previously reported amorphous MoS x films and particles. [6] More importantly, MoB and Mo 2 C catalyze HER at pH 14, where MoS x is unstable. Surprisingly, the activity of MoB and Mo 2 C at pH 14 is comparable to their activity at pH 0. In general, very few catalysts are active at both pH 0 and 14. Pt is one such catalyst.
[11] Figure 2 shows that at the same current density, MoB and Mo 2 C require about 100 mV more overpotential than Pt; [12] however, this decreased activity of MoB and Mo 2 C [ might be compensated for by their higher abundance and lower cost. Ni is often used as the electrode for HER in basic solutions. [13] Figure 2 shows that the activity of MoB and Mo 2 C is significantly higher than Ni. There is now interest in conducting HERs in neutral water, [7, 14] so the activity of MoB and Mo 2 C was also studied in pH 7 phosphate buffer. The onsets of catalytic waves are observed at about 100 mV, which is similar to those in acidic or basic solutions ( Figure S5) ; however, the current densities at pH 7 are lower, probably because the transport of hydroxide ions is not as efficient under these conditions.
Tafel analysis was conducted on the polarization curves of MoB and Mo 2 C catalysts ( Figure S6 ). Tafel slopes of 54-59 mV/decade were found in the region of h = ca. 100-220 mV (Table 1 ). The Tafel slopes are similar for both catalysts at both pH values. The apparent exchange current densities are in the range of 10 À3 mA cm À2 . The exchange current densities at pH 14 are slightly higher than at pH 0. This result indicates that MoB and Mo 2 C catalysts are equally effective for water reduction (pH 14) and proton reduction (pH 0). Although Tafel analysis is commonly used to probe the mechanism of hydrogen evolution, it is difficult to apply such analysis in the current system, because the measured Tafel slopes are different from the limiting slopes of 29, 38, or 116 mV/decade. [15] However, slopes of 54-59 mV/decade rule out the possibility that the discharge reaction (Volmer step) is the rate-determining step, which would result in a Tafel slope of 116 mV/decade. We suspect that the Volmer step is rapid at each reaction center. However, as the MoB and Mo 2 C particles have a large size (mm) and irregular shape (Figure S2) , the transport of electrons and/or protons might be hampered in certain regions, which gives rise to an overall Tafel slope that is larger than 29 or 38 mV/decade.
The hydrogen production efficiency of the MoB and Mo 2 C catalysts were probed first by Galvanostatic electrolysis. A cathodic current density of 20.4 mA cm À2 was chosen, which approaches the upper limit for a photoelectrochemical water splitting device (solar-to-hydrogen efficiency ca. 25 %). [16] As shown in Figure S7 , the potentials remained relatively stable over one hour. The amount of hydrogen produced during Galvanostatic electrolysis was measured, and the Faradaic efficiency for hydrogen evolution was calculated after correction of the activation process. At pH 14, no activation process is required for MoB, and Figure 3 a shows that the Faradaic yield is 100 % over a period of 75 min. On the other hand, Mo 2 C requires an activation process of about 30 min, which causes the Faradaic yield to be lower than 100 % during this time ( Figure S8 ). Once activated, however, the Faradaic yield becomes 100 % within 45 min (Figure 3 b) . Analogous behaviors were observed at pH 0. After activation, both MoB and Mo 2 C have a 100 % Faradaic yield for hydrogen evolution (Figure S8) . Thus, after activation, the hydrogen production efficiency for all catalysts is quantitative.
The hydrogen production efficiency of the MoB and Mo 2 C catalysts was also probed by potentiostatic electrolysis after activation. At pH 0 and h = 250 mV, Mo 2 C and MoB had current densities of 19 and 17 mA cm À2 , respectively (without iR drop correction). Figure S9 shows that the Faradaic yields (and thus the hydrogen production efficiency) are quantitative. At pH 14 and h = 250 mV, Mo 2 C and MoB had current densities of 6 and 5 mA cm À2 , respectively. The lower current densities compared to those at pH 0 are probably due to a higher solution resistance. [17] Figure S10 shows that the Faradaic yields and the hydrogen production efficiency are again quantitative.
To probe the nature of the activation process, MoB and Mo 2 C before and after activation were analyzed by X-ray photoelectron spectroscopy (XPS). The analysis of carbon was complicated by the presence of graphite and adventitious impurities in the carbon-paste electrodes. The analysis of Mo, however, revealed important information. In accordance with earlier studies, the surfaces of MoB and Mo 2 C particles were contaminated with molybdenum oxides, [18] such as MoO 3 and MoO 2 , before activation (Figure 4) . After activation by Galvanostatic electrolysis for 15 min at 10 mA cm À2 , the amounts of MoO 3 and MoO 2 greatly diminished, and the major Mo-containing species are MoB and Mo 2 C for the respective samples (Figure 4) . [19] Figure S11 shows that MoO 2 , MoO 3 , and Mo metal are not efficient catalysts for HER. Thus, we propose that the activation process was related to the reductive removal of surface oxides. For MoB in base, the activation process was fast because of the dissolution of the materials (see below); therefore this process was not visible.
The long-term stability of the MoB and Mo 2 C catalysts was examined by extended electrolysis at fixed potentials. Figure 5 shows that at pH 0, the catalytic currents remained ca. 10 mA cm À2 at h = ca. 200 mV for both MoB and Mo 2 C modified carbon-paste electrodes during 48 h. These catalysts thus appear stable in acidic conditions. Because the paraffin binder for the carbon-paste electrodes could be gradually dissolved in basic solutions, the MoB and Mo 2 C modified carbon-paste electrodes were not suitable for long-term stability studies in basic solution. For such a study, MoB and Mo 2 C disk electrodes were fabricated by pressing mixtures of catalyst powders and Teflon. Figure 5 shows that the catalytic current from the Mo 2 C disk electrode was stable during 48 h at pH 14 as well. On the other hand, the MoB disk electrode was unstable, and the catalytic current decayed after one hour. Visual inspection indicated that the MoB disk electrode was corroded.
In conclusion, MoB and Mo 2 C particles have been shown to be excellent catalysts for hydrogen evolution. The catalysts are made of non-precious elements and operate in both acidic and basic solutions. The catalysts are stable during electrolysis (except for MoB at pH 14) and the current efficiency is quantitative. The activity in alkaline solutions is surprisingly high and is comparable to that in acidic solutions. Furthermore, there is tremendous potential for improvement with these catalysts. Although the catalytic activity of large and irregular particles is already high, we expect better activity from more defined nanoparticles, which will be a target of follow-up studies. The large particles are insoluble and not solution processable. This obliged us to press the particles onto a soft carbon-paste electrode to measure their catalyst activity. As a result, the loading of the catalyst was relatively high. If the same materials can be produced in a soluble colloidal form, they may be cast as thin films using spraycasting or spin-coating techniques; the catalytic performance with respect to catalyst loading would then be expected to dramatically increase. Last but not least, the catalytic properties of these molybdenum compounds raise an interesting mechanistic question: how is hydrogen produced? Does Mo behave like other metals such as Pt, Ni, and Hg, or are 
